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Abstract

Atmospheric concentrations of nitrous acid (HONO), one of the major precursors of the
hydroxyl radical (OH) in the troposphere, normally exceed by far the values predicted by
the assumption of a photostationary state (PSS) during daytime. Therefore, additional
sources of HONO were intensively investigated in the last decades. Here, we present5

budget calculations of HONO based on simultaneous measurements of all relevant
species including HONO and OH at two different measurement heights, i.e. 1 m above
ground and about 2 to 3 m above canopy (24 m above ground), conducted in boreal
forest environment. We observed mean HONO concentrations during daytime of about
6.5×108 moleculescm−3 (26 ppt), more than twenty times higher than expected from10

the PSS, 0.2×108 moleculescm−3 (1 ppt). To close the budgets in both heights a strong
additional source term during daytime is required. This unidentified source is maximal
at noon (up to 1.1×106 moleculescm−3 s−1, 160 ppth−1) and in general up to 2.3 times
stronger above the canopy than close to the ground. The insignificance of known gas
phase reactions and also other processes like dry deposition or advection compared to15

the photolytic decomposition of HONO at this measurement site was an ideal prereq-
uisite to study possible correlations of this unknown term to proposed HONO sources.
But neither the proposed emissions from soils nor the proposed photolysis of adsorbed
HNO3 contributed substantially to the unknown source. However, the unknown source
was found to be perfectly correlated to the unbalanced photolytic loss of HONO.20

1 Introduction

Since the first unequivocal detection of HONO in the atmosphere by Perner and Platt
(1979), its formation and fate as well as its contribution to primary OH production has
been intensively studied (Lammel and Cape, 1996; Kleffmann, 2007). Recently, the
importance of HONO in atmospheric chemistry and its implications has been demon-25

strated using a global chemistry transport model (Elshorbany et al., 2012). While the
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fate of HONO is mainly determined by the photolytic decomposition producing OH,
the major uncertainty in modelling studies results from the lack of understanding the
HONO formation pathways. Budget calculations of the postulated sources and sinks
(Kleffmann et al., 2005; Su et al., 2008c; Sörgel et al., 2011a) have usually been used
to quantify the magnitude of the missing source term. Only a few source estimates5

derived from flux measurements have been published up to now (Zhang et al., 2012;
Zhou et al., 2011; Ren et al., 2011). The current status of HONO formation and loss
pathways, important for atmospheric chemistry is as follows.

The major sink during daytime for HONO is the homolytic cleavage of the O-N single
bond by radiation (λ < 400 nm), determined by the photolysis frequency, J(HONO).10

HONO hν−→ OH+NO (R1)

Since OH is produced, this reaction is of primary importance to atmospheric photo-
chemistry. J(HONO) shows a similar wavelength dependency as the photolysis fre-
quency of nitrogen dioxide (NO2), J(NO2) (Kraus and Hofzumahaus, 1998). Therefore,
J(HONO) can be linked to J(NO2) by using the approach of Trebs et al. (2009):15

J(HONO) = 0.17× J(NO2) (1)

The back reaction of Reaction (R1) in presence of a third body, Reaction (R2),
can reform HONO with a rate constant (k2 at 298 K and 1013 hPa) of (7.4±1.3)×
10−12 cm3 molecules−1 s−1 (Sander et al., 2011).20

OH+NO M−→ HONO (R2)

While the gas phase reaction of OH with NO forms HONO, OH may also react with
HONO and reform NOx.

HONO+OH → NO2 +H2O (R3)
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Due to the in general low concentrations of HONO and OH compared to NO this re-
action is less important than Reaction (R2) even with a similar reaction rate constant
(k3 at 298 K and 1013 hPa) of about 6.0×10−12 cm3 molecules−1 s−1 (Atkinson et al.,
2004) and constitutes typically less than 5 % of the total HONO loss (Su et al., 2008c;
Sörgel et al., 2011a).5

A surface reaction of NO2 and H2O was suggested as another formation pathway
for HONO. Finlayson-Pitts et al. (2003) proposed a mechanism, whereby NO2 after
dimerization is dissolved in a humid surface film. The formed N2O4 rearranges into the
mixed anhydride of nitrous acid and nitric acid (ONONO2), which rapidly dissolves into
HONO and nitrate.10

2NO2(g)+H2O(l) → HONO(g)+H+ (aq)+NO−
3 (aq) (R4)

Yabushita et al. (2009) and De Jesus Medeiros and Pimentel (2011) further inves-
tigated the mechanism with focus on the NO2 uptake and the kinetics of the initial
hydrolysis. The reaction rate constant of Reaction (R4) is difficult to determine in the
field, but can be estimated with the approach of Alicke et al. (2002).15

kdark
4 =

[HONO]max − [HONO]sunset

(tmax − tsunset)× [NO2]
tmax

tsunset

(2)

After sunset the concentration of HONO, [HONO]sunset, increases and reaches a maxi-
mum, [HONO]max. The difference between [HONO]max and [HONO]sunset divided by the
product of the elapsed time (tmax − tsunset) and the average NO2 concentration during20

that time, [NO2]
tmax

tsunset
, determines the rate of heterogeneous HONO formation during

the night. The reaction rates found for nighttime conversion range from 0.4 (Kleffmann
et al., 2003) to 2.0ppb(HONO)×ppb(NO2)−1×h−1 (Sörgel et al., 2011a). This approach
is only valid, if the heterogeneous dark Reaction (R4) is the dominant source of HONO
during night.25
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Beside the dark reaction of NO2, ortho-nitrophenols, o-NPs, can photolytically de-
compose to form HONO as a side product (Bejan et al., 2006).

o-NPs hν−→ [products]∗ +HONO (R5)

The authors propose parts of the reaction mechanism, but since they could not mea-
sure the main products, the exact and complete mechanism is not yet clarified. It is5

further stated that this source might be of primary interest for the atmosphere under
urban conditions, where possibly 1 ppb of o-NPs occurs. Since the o-NPs absorb light
in a similar wavelength range as NO2, one can estimate the photolysis by an upper
limit approach (Bejan et al., 2006),

J (o-NPs) = 2.5×10−3 × J(NO2) = 1.4×10−2 × J(HONO) (3)10

In addition to the reaction of NO2 with surface adsorbed water (Reaction R4), Stemmler
et al. (2006) and (2007) found that a surface film or aerosol of humic acid (HA) can act
as photosensitizer when irradiated and reduces NO2 to HONO.

HA hν−→ Ared +Xox (R6)15

Ared +Xox → HA′ (R7)

Ared +NO2 → HA′′ +HONO (R8)

HA naturally occurs in the environment for example in soil. Hence, soil might act as
a source for HONO under irradiation in the UV and exposure to NO2 (Stemmler et al.,
2006). Other reactants than Ared in Reaction (R8) might also be reductive. E.g. fresh20

soot particles are supposed to reduce NO2 and form HONO. This source is only im-
portant for high NO2 concentrations and environments with freshly emitted soot (Aubin
and Abbatt, 2007; Monge et al., 2010).

It was shown by several studies (Kubota and Asami, 1985; Twigg et al., 2011; Su
et al., 2011; Oswald et al., 2013) that soils can emit HONO. Decreasing soil water25

content and hence drying out of soil leads to an increase in soil aeration with emission
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of trace gases, namely N2O, NO and HONO. Due to the complexity of soil emission
fluxes, depending on biological, physical and chemical processes and properties of
soil, it is not straight forward to calculate the source strength, although observed NO
emissions might serve as a proxy for HONO emission fluxes (Oswald et al., 2013).

Surface adsorbed nitric acid HNO3(ads) either deposited or directly formed during the5

reaction cascade of (R4), is proposed to be photolytically sensitive and might decom-
pose to HONO in the UV (Zhou et al., 2011).

HNO3(ads)
hν−→ [HNO3(ads)]

∗

[HNO3(ads)]
∗ → HONO(ads) +O(3P)(ads) (R9)

HONO(ads) � HONO(g)10

The production of HONO by photolysis of HNO3(ads) depends on the physicochem-
ical state of the surface. While for dry surfaces (relative humidity (RH)= 0 %) NOx is
the major product, relative humidity of about 20 % suffices to increase the HONO yield
(Zhou et al., 2003). According to Goodman et al. (2001), at 20 % RH there should be at
least a monolayer of water present on the surface. Zhou et al. (2003) further propose15

that NO2(ads) formed during the photolysis of HNO3(ads) may also react further via Re-
action (R4), which not only forms HONO, but also recovers parts of HNO3. Later Zhou
et al. (2011) suggested that the formed NO2 is reduced to HONO via the mechanism
of Reactions (R6) and (R8) proposed by Stemmler et al. (2006). However, the rate
of HONO formation depends on the amount of HNO3 available on irradiated surfaces20

and the photolysis frequency of HNO3, J(HNO3), which is enhanced by adsorption
to surface compared to gas phase photolysis (Zhu et al., 2008, 2010). Depending on
the type of surface the enhancement factor varies; Zhou et al. (2003) found an en-
hancement of about 2 orders of magnitude by HNO3 adsorption on borosilicate glass
(see also Ramazan et al., 2004), while Baergen and Donaldson (2013) calculated an25

enhancement of about 4 orders of magnitude by HNO3 adsorbed to grime.
Other loss terms than Reactions (R1) and (R3) include the dry and wet deposition of

HONO. The dry deposition of HONO depends on the ambient mixing ratio of HONO,
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on turbulent mixing within the planetary boundary layer and the ability of terrestrial
surfaces to take up HONO. With a Henry coefficient of 49 Matm−1 (Park and Lee,
1988), wet deposition of HONO is quite efficient. After a rain event mixing ratios of
HONO strongly decrease (Sörgel et al., 2011b).

Assuming only the known gas phase Reactions (R1)–(R3) contribute to the HONO5

formation, a photostationary state should be established (Kleffmann et al., 2005),

d [HONO]PSS

dt
= k2 [NO] [OH]− J (HONO)[HONO]PSS −k3 [OH] [HONO]PSS = 0 (4)

⇒ [HONO]PSS =
k2 [NO] [OH]

J (HONO)+k3 [OH]
(5)

This equilibrium can only explain a minor portion of gas phase HONO observed at re-10

mote and rural sites (Kleffmann, 2007; Su et al., 2008b; Sörgel et al., 2011a; Wong
et al., 2012), but may play an important role for measurement results obtained in ur-
ban areas (Lee et al., 2013). The budget calculations of Sörgel et al. (2011a) and Li
et al. (2012) showed that including heterogeneous reactions of NO2 (Reaction R4) only
slightly improves the discrepancy between [HONO]PSS and measured HONO mixing15

ratios.
In this study, we present the results of the field campaign HUMPPA-COPEC 2010

(Hyytiälä United Measurement of Photochemistry and Particles in Air – Comprehensive
Organic Precursor Emission and Concentration study) related to HONO chemistry and
we provide a detailed overview of its sources and sinks using a budget calculation for20

two measurement heights, i.e. below and above a boreal forest canopy. We explic-
itly analyse additional source terms, like HONO emission by soil and the formation of
HONO by photolysis of HNO3(ads).
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2 Experimental

The HUMPPA-COPEC 2010 was a comprehensively instrumented intensive field mea-
surement campaign, performed from 12 July until 12 August at the SMEAR II site (Sta-
tion for Measuring Ecosystem-Atmosphere Relation; 61.846◦ N, 24.295◦ E) located in
the boreal forest in Hyytiälä (Williams et al., 2011).5

HONO was measured using two Long Path Absorption Photometer instruments
(LOPAP, QUMA Elektronik & Analytik, Wuppertal, Germany). A detailed description
of the instrument has been given by Kleffmann et al. (2002) and Heland et al. (2001).
Briefly, an acidic solution of sulfanilamide is used to sample HONO with a stripping
coil. HONO is transformed rapidly into a diazonium salt, the precursor of diazotation,10

carried out in sequence. The concentration of the azo dye formed is equivalent to the
concentration of HONO in the sampled air and is measured by a VIS-photometer. The
intercomparison of both LOPAP instruments used in this study has been described
in detail by Sörgel et al. (2011b) and showed a good agreement (within 12 % rela-
tive error) under dry conditions (no rain or fog). The inlets of the two instruments were15

positioned at about 1 m and 24 m above ground (canopy top height 20 to 21 m). Both in-
struments ran with a response time of below 10 min and lower limit of detection ranging
from 0.2 to 1.3 ppt during campaign.

A laser induced fluorescence (LIF) instrument to measure the atmospheric concen-
tration of the hydroxyl radical, OH, based on the fluorescence assay by gas expan-20

sion technique (FAGE) (Hens et al., 2013; Novelli et al., 2014) measured OH above
the canopy at a height of about 24 m, while a chemical ionization mass spectrome-
ter (CIMS; Petäjä et al., 2009) measured OH near to the ground at about 1 m. The
two different systems were compared under field conditions, measuring at 1 m above
ground level and showed reasonable agreement (Hens et al., 2013). Lower detection25

limits of LIF and CIMS were about 9×105 moleculescm−3 and 5×104 moleculescm−3,
respectively.
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NO and NOx were monitored by high resolution and high sensitivity chemilumines-
cence detectors, a TEI 42C TL (Thermo Fisher Scientific, US) with a limit of detection
of about 0.1 ppb positioned at 4 m, and a modified (Hosaynali Beygi et al., 2011) CLD
790 SR with a detection limit of about 16 ppt (ECO-Physics, Switzerland) positioned
at 24 m above ground. Both instruments use a blue light converter for efficient and5

selective transformation of NO2 to NO. In addition ozone, O3, was measured by a UV-
absorption photometer above canopy.

The photolysis rates of NO2 and O3, J(NO2) and J(O1D), respectively, were mea-
sured using filter radiometers (Meteorologie consult, Königstein, Germany; Bohn et al.,
2008). Two J(NO2) sensors were positioned at 2 m and 24 m above ground, and one10

J(O1D) sensor was placed at 24 m. Each measured the downwelling radiation.
Relative humidity, temperature, wind direction, wind speed and other meteorological

parameters were monitored routinely by the SMEAR II station (Junninen et al., 2009;
http://www.atm.helsinki.fi/smartSMEAR/).

Evaluation of the boundary layer height was determined by radiosondes, measuring15

relative humidity, temperature, pressure and altitude. From this data vertical profiles of
the potential temperature and the specific humidity were gained and hence the height
and type of boundary layer have been inferred (Ouwersloot et al., 2012).

A sample from the O-horizon of soil was taken at 10 June 2012 at the measurement
site and was measured under controlled conditions in the lab according to Oswald20

et al. (2013) to investigate NO and HONO emission fluxes from soil.

3 Results

During the measurement period of HUMMPA-COPEC 2010 from 12 July to 12 Au-
gust 2010, not all instruments were running continuously. Beside specific instrument
malfunctions, several power disruptions caused by thunderstorms often interrupted the25

measurement. From 17 July until 5 August, the two LOPAP instruments were running
about 30 % of the time simultaneously. The dataset of other measurements is close to
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complete for this period, except for the OH measurement above the canopy and the
J(NO2) measurement below the canopy (see Fig. 1). The same situation is found for
J(HONO) below the canopy, hence it was calculated from J(NO2) according to Eq. (1).

Aside from a linear relationship found between OH measured at the forest floor and
above canopy (Fig. 2), the exponential relationship of J(NO2) at 2 m above ground5

and J(NO2) at 24 m above ground, was used to interpolate OH above the canopy and
J(NO2) below the canopy to extend the data basis for PSS calculations.

3.1 Diel variation of HONO

In the clean environment of Hyytiälä diurnal variations of HONO were observed with
mean daytime concentrations of 6.6×108 moleculescm−3 (27 ppt) at 1 m height and10

6.5×108 moleculescm−3 (26 ppt) at 24 m height and mean nighttime concentrations of
9.1×108 moleculescm−3 (37 ppt) at 1 m height and 9.2×108 moleculescm−3 (37 ppt)
at 24 m. Maximum values reached 3.2×109 moleculescm−3 (132 ppt) at 1 m and
3.4×109 moleculescm−3 (138 ppt) at 24 m at 22:30 UTC+2 in the late evening of 2
August. The concentrations reached a minimum after a short and strong rain event in15

the morning of the 25 July with values below 2 ppt close to the detection limit. The con-
centrations of HONO were calculated according to Eq. (5) by assuming a PSS, only
valid for conditions with short photolytic lifetime of HONO. In agreement with Kleffmann
et al. (2005) and Sörgel et al. (2011a) the box plots in Fig. 3 obviously show that for
both heights the calculated concentrations are often more than one order of magnitude20

lower than the measured concentration of HONO. While the PSS calculation shows
a peak in the morning (6:30) at 1 m height and around mid-morning (8:30) at 24 m
height, the daytime measured HONO values peak at noon (11:30).

Sörgel et al. (2011a) stated that [HONO]PSS correlates best with measured [NO]
and found neither a correlation to measured [OH] nor to measured J(HONO). The25

correlation between [HONO]PSS and [NO] was strong also in our data (Fig. 4). The
reasonable correlation of [HONO]PSS to measured [NO] might serve as a proxy for
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[HONO]PSS in general, since the ratio seems to be quite constant.

[HONO]PSS

[NO]
=

k2 [OH]

J (HONO)+k3 [OH]
∼= 0.02 (6)

J(HONO) at PSS shows values of about 2 orders of magnitude higher than k2 or k3
multiplied with the [OH]. Since OH formation is strongly linked to radiation (Rohrer and5

Berresheim, 2006), its concentration positively correlates with J(HONO). Therefore,
NO drives the variability of the PSS.

3.2 HONO budget calculations

The two gas phase Reactions (R2) and (R3) together with the photolysis fail to explain
the observed HONO concentrations. The comparison of observed changes in HONO10

concentrations with calculated values considering further sources and sinks leads to
a more complete understanding of HONO cycling.

∆[HONO]

∆t︸ ︷︷ ︸
observed

= Sources−Sinks︸ ︷︷ ︸
calculated budget

(7)

If the calculated difference in sources and sinks equals the observed value, the budget15

would be closed. As mentioned before, normally this is not the case and an unknown
source is missing, which can be calculated according to Su et al. (2008c) and Sörgel
et al. (2011a) with the following equation:

Punknown =
∆[HONO]

∆t︸ ︷︷ ︸
observed

−k2[NO][OH]︸ ︷︷ ︸
R2: PNO+OH

−kdark
4 [NO2]︸ ︷︷ ︸

R4: Phet

+J(HONO)[HONO]︸ ︷︷ ︸
R1: Lphot

+k3[OH][HONO]︸ ︷︷ ︸
R3: LHONO+OH

+
vdep

hBL
[HONO]︸ ︷︷ ︸

dry deposition: Ldep

+ ±Th ± Tv︸ ︷︷ ︸
horizontal and vertical transports

(8)

20
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The resulting Punknown shows, that for most of the day there is still a large source missing
(Fig. 5), at least for the period from 6:00 in the morning to 20:00 in the evening where
HONO lifetimes are below 30 min. This source is dominated by the photolytic loss of
HONO that forms the major sink for HONO and which exceeds the considered sources
by far.5

Not only the known sources seem to be small compared with the photolytic loss
rate, also the other sinks are negligible. E.g. with a deposition velocity for HONO of
2 cms−1 (Harrison et al., 1996; Su et al., 2008a), a mean daytime HONO concentration
of 6.6×108 moleculescm−3 and a typical boundary layer height at midday of about
1000 m, the deposition rate is 1.3×103 moleculescm−3 s−1, i.e. 1.9 ppth−1 and thus 110

to 2 orders of magnitude less than the photolytic loss. The very low contribution of
the dry deposition to HONO loss has already been reported for other measurement
campaigns (Su et al., 2008c; Sörgel et al., 2011a).

Horizontal transport, Th, can strongly influence budget calculations in urban regions
(Lee et al., 2013). However, Hyytiälä is surrounded by uniform boreal forest with up to15

95 % of the area within 5 km radius being forested, mostly by Scots pine and Spruce
trees (Williams et al., 2011) representing a homogenous fetch. Furthermore, with an
average J(HONO) of about 6.7×10−4 s−1, corresponding to a HONO lifetime of about
25 min and an average horizontal wind speed of 2 ms−1 (maximum 7 ms−1), direct
emissions of HONO will be transported about 3 km (maximum 10 km) within one life-20

time. As most of the surrounding is covered by forest and the next city Tampere, being
nearly 50 km away there are no significant emission sources within the fetch, thus hor-
izontal advection of direct emissions will have little influence on the HONO concentra-
tion during day. Therefore, the measurement site of SMEAR II, with its homogeneous
fetch is well suited to analysing the behaviour of Punknown, because all processes dis-25

turbing the analysis like horizontal transport and direct emissions can be neglected.
The contribution of vertical transport, Tv, to surface loss of HONO was estimated

to be about 50 to 60 % (Wong et al., 2013), thus being the dominant loss process for
HONO close to the ground. Vertical mixing acts as a sink close to the surface and as
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an additional, yet unaccounted source term at elevated levels. Hence, depending on
the concentration gradient of HONO and the ratio of photolysis, vertical transport can
lead to reciprocal changes in Punknown above canopy and below canopy when using the
budget approach.

3.3 Tracing the missing source5

3.3.1 Influence of J(NO2) on Punknown

Reactions (R5)–(R8) comprise several mechanisms of HONO formation from photolytic
dissociation of ortho-nitrophenols or light induced conversion of NO2 on different re-
ductive surfaces, which are thought to be possible major sources for HONO during
daytime (Stemmler et al., 2006). The wavelength range for the proposed reactions is10

mostly covered and well described by J(NO2). Therefore, a source corresponding to
these reactions should correlate to J(NO2) and especially the light induced conver-
sion of NO2 should correlate even better with Punknown scaled to the NO2 concentration
(Fig. 6) (Sörgel et al., 2011a).

Scaling Punknown with the concentration of NO2 on the ground leads to higher scat-15

tering of data points, which might be caused by the higher noise levels of NO2 data on
ground. On the contrary, the correlation above canopy is improved with similar scaling
(Fig. 6b and d). The data points most affected belong to a period of rather cold and
very clean conditions with low NO2 concentration of 1.6 to 2.9×109 moleculescm−3

(65–118 ppt) at the 23 July (Williams et al., 2011). Since scaling Punknown above the20

canopy with corresponding NO2 concentration increases the correlation with J(NO2),
leads to the assumptions that either NO2 plays a direct role in HONO formation or
that in general NO2 is a tracer for reactive nitrogen (other potential HONO precursors)
in the atmosphere. The fact that the correlation between Punknown and J(NO2) below
the canopy descends by scaling Punknown with NO2 concentrations can be either due25

to data scattering as mentioned above, due to HONO deposition on the forest floor
(Sörgel et al., 2014) or due to different pathways of HONO and NO2 formation below
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canopy. NO2 below canopy is formed by shifted PSS below canopy and additional NO
soil emissions oxidized by O3 (Rummel et al., 2002). Opposed, due to low OH and NO
values below canopy, the shift in the [HONO]PSS by reduced radiation below canopy
has minor influence on HONO values (Fig. 3).

With our data set it is not possible to rule out that photolytic conversion of ortho-5

nitrophenols is a possible pathway, since there were no measurements of these
species. However, from Eq. (3) one can estimate that the concentration of o-NPs has
to exceed the concentration of HONO by a factor of about 70 in order to compen-
sate the photolytic loss of HONO. Taking the average daytime mixing ratio of HONO
above canopy, the resulting mixing ratio of o-NPs would be about 1.8 ppb. Based on10

earlier studies (Bejan et al., 2006; Kourtchev et al., 2013), the concentration in clean
environment such as Hyytiälä should be much lower and thus insignificant for HONO
formation.

Another possible J(NO2) depending source for HONO is the photolytic activation
of organic surface reactants (Reactions R6–R8) to reduce NO2 and form HONO15

(Stemmler et al., 2006). But as before, due to the lack of in-situ measurements of all
parameters, this contribution could not be quantified. Obviously, there are many possi-
bilities for humic acids or similar compounds to occur in the highly organic surrounding
of the boreal forest. A strong hint on such a source might be the merging effect on the
correlation of the Punknown with J(NO2) by scaling with the concentration of NO2 above20

the canopy.

3.3.2 Indirect influence of J(NO2) on Punknown

Besides the activation or the photolytic reaction of molecules by J(NO2), the radiation
influences also other parameters. One of these is the temperature of soil. The temper-
ature of soil surface changes stronger and faster than in deeper layers of soil and is25

driven by radiative heating and cooling. Nitrification and denitrification by microorgan-
isms takes place at the uppermost layer of soil and produces reactive nitrogen gases
(Conrad, 1996). The rate of reactive nitrogen formation depends on many parameters
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like soil water content (SWC), pH, nutrient availability and, important in this context, the
temperature of soil (Skopp et al., 1990; Oswald et al., 2013). Therefore, radiation can
accelerate the formation of HONO by soil.

Since we did not measure the potential emission of HONO by soil in the field, a soil
sample was taken afterwards and measured in the lab under controlled conditions5

according to Oswald et al. (2013). Concentrations of nutrients were quite low with
ammonium being (1.60±0.56) mgkg−1 N-NH+

4 , while NO−
3 and nitrite (NO−

2 ) were not

measureable (below LOD, i.e. 2 mgkg−1 N-NO−
3 and 0.07 mgkg−1 N-NO−

2 ). This is in
good agreement with Korhonen et al. (2013), who found that the measurement site
of Hyytiälä provides nutrient poor soils with NH+

4 as the dominant inorganic nitrogen10

compound in the extract of soil organic layer (0.31 kgha−1 N-NH+
4 ) and the first 30 cm

of mineral soil, while NO−
3 forms only 0.6 % of it. The soil pH was very low with a value

of about 3.0. The measurement of the soil sample showed no significant emission
fluxes of HONO being below the limit of detection (0.08 ngm−2 s−1 = 0.288 µgm−2 h−1)
and emission fluxes of NO scattering around the limit of detection (1 ngm−2 s−1 =15

3.6 µgm−2 h−1). This is in good agreement with Oswald et al. (2013) and Maljanen
et al. (2013), who both found that acidic forest soils tend to low emission fluxes of
HONO. Maljanen et al. (2013) measured a maximum HONO flux of about 2 µgm−2 h−1

in terms of N. This would equal a source-strength of 7.1×103 moleculescm−3 s−1

(1 ppth−1) considering a boundary layer height of 1000 m and hence is negligible.20

3.3.3 HONO formation by nitric acid photolysis

Adsorbed HNO3 on humid surfaces Reaction (R9) seems to be more rapidly photolyzed
than HNO3 in the gas phase or in aqueous solution (Zhou et al., 2003; Abida et al.,
2012). Therefore, leaves and needles loaded with nitric acid could be a major source
of HONO in clean environments (Zhou et al., 2011). This mechanism has also been25

postulated as significant for the boreal forest by Raivonen et al. (2006) to explain light
induced NOy (NO, NO2, HONO, HNO3, peroxy acyl nitrate) emissions. To estimate the
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strength of this source we used a constant surface loading of HNO3 of (8.3±3.1)×
10−5 molm−2 (Zhou et al., 2011). The gas phase photolysis frequency for HNO3 was
parameterized using J(NO2) and J(O1D) (Sander et al., 2011). By adsorbing to the
surface the absorption cross-sections of HNO3 increases (Zhu et al., 2010; Abida et al.,
2012), which is typically considered by the use of an empirical enhancement factor for5

natural systems (Zhou et al., 2011; Li et al., 2012). For Fig. 7 we used the enhancement
factor of 43 (Zhou et al., 2003, 2011).

The photolysis rate of surface adsorbed HNO3 needs to be more than 400 times en-
hanced compared to the photolysis in gas phase to explain Punknown of HONO (Fig. 7).
The error of PHNO3(ads)

was calculated by using the standard error of the surface loading10

of HNO3 (Zhou et al., 2011). J(HNO3) constitutes the only variable of PHNO3(ads)
and is

closely correlated to J(NO2) and J(O1D). This leads to a similar correlation of Punknown
with PHNO3(ads)

, like seen before with J(NO2) (Fig. 6). An additional correlation might
derive from the mechanism of HNO3 photolysis, which is not fully understood by now.
Zhou et al. (2011) proposed that formed NO2 during HNO3 photolysis reacts further15

with organics on the surface to form HONO Reaction (R6) as proposed by Stemmler
et al. (2006).

3.4 Direct comparison of Punknown determined for two different heights

The ratio of J(NO2) at 24 m to J(NO2) at 2 m tracks the ratio of direct and diffuse radia-
tion penetrating the canopy. In the early morning the ratio increases, due to increasing20

direct sunlight at the upper height. With the rising sun more direct sunlight penetrates
the canopy and a rather constant ratio develops which seems to be influenced by light
patches. The ratio of Punknown at 24 m to Punknown at 1 m during daytime is mainly above
1, except for the first value where Punknown at both heights were still negative (Fig. 5).
It strongly decreases from values above 4 in the morning hours before it gets more25

stable with values around 2, but still decreases until 2 h after reaching the minimum of
solar zenith angle (∼ 43◦). This diel pattern can be explained by a combination of two
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processes; the change of the photolysis frequency and the change of the concentration
gradient (Fig. 8a). The product of both, the concentration and the photolysis frequency
equals the photolytic loss rate, Lphot, which is the unbalanced sink that determines
Punknown (see Figs. 5, 8b and c). This is at least valid from 8:30 to 17:30 where the
contribution of other source and sink terms is less than 20 %. The HONO concentra-5

tions above the canopy are higher than below the canopy in the morning (values over
unity in Fig. 8a). The gradients vary around zero from late morning to noon and in
the afternoon the concentrations below the canopy are higher. This closely resembles
the pattern found by Sörgel et al. (2011b) for a different forest ecosystem and might
therefore be typical for forests in general. Sörgel et al. (2011b) showed that this could10

be attributed to different sources and sinks and the extent of the vertical exchange
between the forest and the atmosphere above. However, the variability of the ratios is
smallest at minimum solar zenith angle, which is the maximum of J(HONO). In a strict
sense this is the only period where the budget could be used for the determination
of Punknown as the assumptions like well mixed conditions (i.e. no concentration gradi-15

ents), stationarity due to low lifetime of HONO and potentially establishment of a PSS
are fulfilled. During this period it could be questioned if a budget below canopy makes
sense as the portion below canopy where J(HONO) and thus Lphot is reduced is very
small compared to the whole boundary layer and recombination of NO and OH below
canopy has been found to play a minor role (Sect. 3.2).20

Impressively, Punknown correlates much better with Lphot (Fig. 8b and c) than with
J(NO2) or with the ratio of J(NO2) to concentration of NO2 (Fig. 6). This correlation is
not disturbed by any environmental condition, like the different regimes of stressed and
normal boreal and even more astonishing it is not disturbed by the wild fire pollution
plumes transported from Russia (Nölscher et al., 2012), since the corresponding data25

points are included. The almost perfect correlation of Punknown with Lphot is caused by
the low contribution to the budget of all other processes (sources and sinks) consid-
ered so far. Even including the parameterized HNO3 photolysis (Sect. 3.4.3) would not
change much as it is only around 10 % of Punknown. Therefore, the unknown source is
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a process that exactly balances HONO photolysis or the sink itself is erroneous. Never-
theless, this unbalanced photolysis term (Punknown) has been found by applying different
techniques for HONO detection such as LOPAP (e.g., Kleffmann et al., 2005; Sörgel
et al., 2011a), denuder (Acker et al., 2006), differential optical absorption spectroscopy
(Alicke et al., 2002; Wong et al., 2012) and recently by using chemical ionization mass5

spectrometry (VandenBoer et al., 2013). Additionally, recent flux measurements re-
ported strong daytime upward fluxes of HONO (Zhou et al., 2011; Ren et al., 2011),
thus confirming a ground source of HONO.

4 Conclusion

Concentrations of HONO during daytime exceeded on average the expected values10

calculated by the PSS by a factor of about 20 and thus lead to an imbalanced budget
above and below canopy. To balance the budget an additional yet unknown source is
required. However, photolysis of ortho-nitrophenols is likely of minor importance under
the clean environment of the boreal forest. A laboratory measurement of a soil sam-
ple in a dynamic chamber shows that direct soil emissions of HONO are insignificant15

for the measurement site in the boreal forest, featuring low soil nutrient content and
low soil pH. However, the photolytically active radiation has a major influence on the
budget of HONO, since the missing source resembles the photolytic loss of HONO by
day. It was not possible to clearly identify the most important source term, but a ten-
dency for a possible coupling of different processes is most likely. E.g. the photolytic20

dissociation of HNO3 adsorbed on humid surfaces and the conversion of NO2 on pho-
tolytically activated surfaces, like humic acids, might occur simultaneously. However,
the almost perfect correlation of Punknown with Lphot is caused by the low contribution of
the considered processes to the budget and hence, the unknown source is a process
that exactly balances HONO photolysis. Further investigations in the field are needed25

to understand daytime HONO chemistry and its implication to the budget. Especially
the role of vertical mixing needs to be analysed in more detail.
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Fig. 1. Overview of the measured concentration of different trace gases and the photolysis fre-
quencies J(HONO) and J(O1D). The linearly connected data points represent 60 min average
values. Mixing ratios or concentrations are shown for the period where HONO was measured
at both heights. [OH]24m

linear to 1m was used to fill the gaps in OH measurements above the canopy
(see Fig. 2a).
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Fig. 2. (a) The linear correlation of OH concentration below and above the canopy was used
for interpolating data of OH concentration above the canopy. (b) Similar to (a) the exponential
correlation of measured photolysis frequency below and above the canopy was used to inter-
polate data of J(NO2) below the canopy. Color code of dots represents the solar zenith angle.
Additionally the 1 to 1 line is shown as dashed line.
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Fig. 3. Upper panels show box plots of the diel cycle of HONO measured at 1 m and 24 m, re-
spectively and the average corresponding J(HONO) with standard deviation (grey shaded line).
Lower panels show box plots for the calculated PSS concentration of HONO for the heights of
1 m and 24 m, respectively, during daytime (lifetime of HONO below 4 h) where PSS is possibly
attained. Additionally, the average concentration of OH with standard deviation (grey shaded
line) for the two respective heights is presented. The boxes represent the 25 to 75 percentile,
the line within the box is the median, the bars show the 10 to 90 percentile and outliers are
marked as open diamonds.
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Fig. 4. The PSS concentration of HONO, [HONO]PSS, at 1 m measurement height (a) and at
24 m measurement height (b) is plotted against the concentration of NO at the corresponding
heights. The dashed-dotted vertical line reflects the lower limit of detection (LOD) for each NO
measurement. The linear fit using a fixed slope of 0.02 and no offset leads to a reasonable
correlations between [HONO]PSS and [NO] in both cases.
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Fig. 5. The diel variation of Punknown (red bars, upper panel) with standard deviation (red shade)
and single production and loss terms (lower panel) for the two heights are shown. The scales
and units at the left and right hand y-axis are valid for both measurement heights and were
chosen for an easy comparison with other publications.
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Fig. 6. In the upper panels, (a and b), Punknown for both measurement heights is linearly corre-
lated with corresponding J(NO2). In the lower panels, (c and d), Punknown is scaled by the NO2
concentration and still linearly correlated with J(NO2). Blue dots denote budget data availability
at both heights, whereas red dots are available only at the respective measurement height.
Linear fits refer to total data available (blue and red).
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Fig. 7. Punknown at the measurement height of 24 m during daytime is plotted against the pro-
duction of HONO from photolysis of adsorbed HNO3 on leaf surfaces, PHNO3(ads)

. With an en-

hancement factor of 43 and a surface loading of (8.3±3.1)×10−5 molm−2 it might explain up to
10 % of Punknown, indicated by the 10 to 1 line (dotted line). The York linear fit (York et al., 2004)
yields in Punknown = (12.9±1.0)× PHNO3(ads)

+ (2.4±1.1)×104 moleculescm−3 s−1.
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Fig. 8. (a) The average ratio of P 24m
unknown to P 1m

unknown (red triangles), the average ratio of
[HONO]24m to [HONO]1m (orange squares) and the average ratio of J(NO2)24m to J(NO2)2m

(blue line) change during daytime (lifetime of HONO< 4 h). For clarity a second x-coordinate
for the ratio of [HONO]24m to [HONO]1m is used with a shift of +15 min, but is not shown.
(b) P 24m

unknown and (c) P 1m
unknown are plotted against the photolytic loss rate of HONO at 24 m and

1 m above ground, respectively. The York linear fit (York et al., 2004) of P 24m
unknown with L24m

phot and

P 1m
unknown with L1m

phot yields in P 24m
unknown = −(0.93±0.05)×L24m

phot+(0.9±14.2)×103 moleculescm−3 s−1

and P 1m
unknown = −(0.96±0.08)×L1m

phot + (0.6±11.9)×103 moleculescm−3 s−1, respectively.
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